ABSTRACT
INTRODUCTION
Large earthquakes yield loss of life and building damage. Unfortunately, large aftershocks sometimes compound a disaster following a mainshock. The ability to estimate possible aftershocks distributions might help mitigate their effects if the aftershock distributions are well understood. Several studies (Parsons et al. 2000; Lin and Stein 2004; Stein 1999 ) have discussed Coulomb stress transfer after earthquakes. Results show that seismicity corresponds significantly to the Coulomb stress change of the mainshock. Consequently, aftershocks usually locate in regions where Coulomb stress change has increased during the mainshock. These studies allow for the possibility of predicting aftershock distributions from stress transfer. Furthermore, if stress transfer studies can be conducted soon after a mainshock, the forecasting of possible aftershock distributions might be able to reduce the damage caused by large aftershocks.
In view of this possibility, we investigate several moderate to large inland Taiwan earthquakes with regard to their aftershock distributions and corresponding Coulomb stress change due to the mainshock. Stress change was calculated using a dislocation model obtained through strong motion waveform inversions for a finite-fault model. An accurate stress change pattern relies on a detailed understanding of the spatial slip distribution. However, the high-resolution fault dislocation model is usually rather time consuming for accurate Green's function calculations. When investigating the possibility of forecasting an aftershock distribution, it is necessary that stress change calculations can be conducted rapidly. Studies of the recent moderate to large earthquakes on Taiwan have produced a scaling law for earthquakes based on magnitude with average slip, rupture length and width (Ma and Wu 2001) . According to the scaling law, first hand calculations on possible slip distribution of earthquakes may be more rapidly available. Following the model, stress change can then be soon calculated to obtain positive stress change regions for possible aftershock distribution. In this study, we first calculate stress change associated with earthquakes using well-determined spatial slip distributions along faults. We further examine the correlation between positive stress change regions and aftershock distribution. For the purposes of forecasting possible aftershock distribution, we compare the stress change pattern from the accurate slip distribution model and that from the homogenous slip model according to the developed scaling law. By comparison, we discuss the association of aftershocks with stress change and the possibility of rapid stress change calculations in forecasting aftershock distributions through the earthquake scaling law.
In this study, slip dislocations of several moderate to large earthquakes from the past ten years in the Taiwan area by Ma and Wu (2001) are used to calculate stress transfer conditions associated with aftershock distribution. Furthermore, we calculate changes in Coulomb stress by a homogeneous fault according to rupture length, width, displacement by magnitude of the earthquakes under consideration, the geometry of rupture planes using the scaling law developed by Ma and Wu (2001) , and focal mechanisms which are available in a short time after earthquakes. Comparison of stress transfer associated with these fault models and aftershock distributions allows for the possibility of forecasting aftershock distribution through rapid stress change calculations following a mainshock.
SPATIAL SLIP MODEL AND METHODS
We consider the spatial slip distribution model obtained by Ma and Wu (2001) for Coulomb stress change calculations. The spatial slip distribution was calculated using near-field strong motion waveforms for a finite-fault model. We call the model thus obtained a heterogeneous slip model. For a homogeneous slip fault model, the rupture length, width, and slip were established from the magnitude of the earthquakes according to the scaling law developed by Ma and Wu (2001) . The locations and focal mechanisms of events were obtained through Central Weather Bureau, Taiwan, and Broadband Array in Taiwan for Seismology (BATS) which are available soon after the occurrence of earthquakes.
On the basis of the kinematic spatial slip distribution model, Coulomb stress change (∆ CFF) of the Chi-Chi earthquake was calculated to examine stress transfer and stress triggering related to the occurrence of the aftershocks for optimal orientation plans (OOP, King et al. 1994 ), according to:
where ∆τ is the shear stress change, ′ µ is apparent frictional coefficient after accounting for the pore fluid pressure effect, and ∆σ is the normal stress change (Toda et al. 1998; King et al. 1994) . Usually ′ µ is considered to be high for thrust faults (0.8). Ma et al. (2004) show that different values of ′ µ have influence on the threshold for stress triggering, for the large static shear stress of the Chi-Chi earthquake, the influence of the values of ′ µ on the pattern of stress change is modest. The direction and magnitude of regional stress might also have some influence over the pattern of stress change. Several studies (e.g., Seno 1977; Hu et al. 1996) show that the direction of regional stress in the Taiwan region is in a NW-SE direction, we consider regional stress with an angle of 302° for our calculations. Regional stress in the direction of the stress axis of the Philippine Sea to the Eurasian Plates is considered. As discussed in King et al. (1994) , the magnitude of regional stress relative to calculations of Coulomb stress change might have some bearing on the pattern of stress change close to the fault. Thus, stress change in off-fault regions is more reliable.
RESULTS

Coulomb Stress Changes from Heterogeneous Slip Fault Models
For this study, we first considered five earthquake sequences, namely the December 15, 1993 Da-Pu ( M L = 5.7); June 5, 1994 Nan-Ao ( M L = 6.2); July 17, 1998 Ruey-Li ( M L = 6.2); October 22, 1999 Chia-Yi ( M L = 6.4); and October 22, 1999 Chia-Yi-2 ( M L = 6.0) earthquakes as shown in Fig. 1 . The 1999 Chi-Chi, Taiwan, earthquake was also examined. Due to its complex fault rupture, we discuss the Chi-Chi earthquake in a separate section. Table 1 shows the source parameters (origin time, location of hypocenters, and local magnitudes) of these events determined by-Central Weather Bureau Seismological Network (CWBSN).
Heterogeneous slip fault models as shown in Fig. 2 were determined by waveform inversions for a finite-fault model from Taiwan Strong Motion Network (TSMN) by Ma and Wu (2001) and are used to calculate Coulomb stress change. The Coulomb stress changes for corresponding events are shown in Fig. 3 . One-month aftershocks, which were located using the doubledifference earthquake location algorithm (Waldhauser and Ellsworth 2000) , are also shown for comparison with Coulomb stress change patterns. Due to variation in stress changes at depth for thrust type earthquakes, stress changes associated with the Da-Pu, Ruey-Li and ChiaYi earthquakes with aftershock seismicity within 3 km of each profile are given at various depths. Because the two Chia-Yi earthquakes occurred within one hour of one another, the Coulomb stress changes for these two events are considered simultaneously representing the final Coulomb stress change after October 22, 1999.
To compare stress change associated with the distribution of aftershocks, we do some statistical analysis of the number of aftershocks within a 0.5 km 0.5 km 0.5 km × × block. The percentage of aftershocks corresponding to Coulomb stress changes within the block is shown in Figs. 4a , b, c and d for the four earthquake sequences. Most of the aftershocks are located in areas where stress increased. Accordingly, about 88%, 55%, 96%, and 76% of Table 1 . Source parameters and fault plane parameters of moderate events investigated in this study.
aftershocks for the Da-Pu, Nan-Ao, Ruey-Li, and Chia-Yi earthquake sequences, respectively, show association with positive stress changes. Apart from the Nan-Ao earthquake sequence, the other sequences show a greater than 75% association between aftershocks and positive stress changes, supporting the possibility on forecasting aftershock distributions from stress transfer due to a mainshock.
Fig. 2.
Spatial slip dislocations models for Da-Pu, Nan-Ao, Chia-Yi, and ChiaYi-2, respectively, determined by waveform inversion using Taiwan Strong Motion Network (TSMN) data by Ma and Wu (2001) . Above each 
Coulomb Stress Changes from Homogenous Slip Models
Forecasting aftershock distributions is not possible without having a rapid understanding of an earthquake's fault slip model; however, a detailed fault slip distribution model is usually very time consuming due to the complexity involved in performing Green's function calculations. Consequently, we investigate Coulomb stress change via a homogenous fault model using the fault scaling law obtained by Ma and Wu (2001) for inland Taiwan earthquakes. According to the scaling law homogenous fault slip distribution can be determined as soon as the location and focal mechanism of an earthquake become available. Table 1 gives rupture length, width, and average amount of slip on the fault corresponding to the earthquake magnitudes as estimated using the scaling law Ma and Wu (2001) was used. For homogeneous fault model calculations, we assume the mainshock is located at the center of the fault plane. Corresponding Coulomb stress changes for the events under consideration were thus obtained and are shown in Fig. 5 . Statistical percentages relating aftershocks to Coulomb stress change within block of 0.5 km 0.5 km 0.5 km × × are shown in Fig. 6a, b and c for the four earthquake sequences, respectively. Most aftershocks are located in the increased stress regions. Overall, about 84%, 58%, 81%, and 100% of the aftershocks for the Da-Pu, Nan-Ao Ruey-Li, and Chia-Yi earthquake sequences, respectively, are located in positive stress change regions. The correlation between results obtained using homogeneous slip fault models and the heterogeneous slip fault models discussed in Section 3.1, suggests that it is possible to use rapid stress change calculations based on homogenous slip models using scaling law to forecast aftershock distributions.
Case Study of the 1999 Chi-Chi Earthquake
The previous study shows that, in the case of moderate earthquakes, it is possible to use rapid stress change calculations based on homogenous fault models derived from the scaling law to forecast aftershock distributions. The September 21, 1999 Chi-Chi earthquake ( M L = 7.3) produced complex fault geometry and was accompanied by many aftershocks including several aftershocks of magnitude greater than 6. It is important to know whether the rapid stress change calculations discussed previously are valid for the large complicated events such as the Chi-Chi earthquake.
Fault ruptured during the Chi-Chi earthquake was composed of three segments, an 80-km-long north-south segment, a 20-km-long segment to the southwest and a 30-km-long segment to the northeast. Each fault segment has a width of 40 km and a dip of 30° to the southeast. We consider three stages in Coulomb stress change calculations for this large event. First we consider spatial slip distribution as determined by Ji et al. (2003) and shown in Fig. 7 . This model was obtained using strong motion and GPS data. The results compare favorably with other spatial slip distribution models (e.g., ) and show good prediction in wave- forms to the teleseismic data. The second stage involves Coulomb stress change calculations corresponding to homogenous slip models for the three segments. The average slip of each segment is listed in Table 2 . The third stage examines one fault segment with homogenous fault slip. The fault geometry regarding fault length, width and amount of slip was estimated using the scaling law derived by Ma and Wu (2001) . The fault parameters were then estimated using the focal mechanism and magnitude, and are listed in Table 2 . In order to examine Coulomb stress change in relation to aftershock distribution, we considered aftershocks based on a 3-month window post the September 21 earthquake. Comparisons of aftershocks with regard to Coulomb stress changes for the three stages discussed are shown in Figs. 8a, b and c, respectively. For statistical purposes, the number of aftershocks within a 1 km 1 km 1 km × × block was estimated. The percentage of aftershocks within each block corresponding to Coulomb stress change is shown in Figs. 9a, b and c. Overall, about 68%, 60%, and 76% of aftershocks are located in regions of positive changes in stress for the heterogeneous slip, three-segment, and single-segment models, respectively. This sug- Table 2 . Fault parameters description for Chi-Chi earthquake slip models for three-segments and single-segment homogenous faults used in this study. For displacement values, positive denotes right-lateral and thrust on shear and dip components, respectively.
gests that even for complex fault rupture, it is still possible to use rapid stress change calculations on the basis of homogenous slip models and scaling law to forecast aftershock distribution.
DISCUSSIONS AND CONCLUSIONS
Coulomb stress changes associated with earthquakes influence the occurrence of future earthquakes. The magnitude of an earthquake yields significant differences in Coulomb stress changes. In order to understand the influence of Coulomb stress change on sub-sequence events, six M > 6 Chi-Chi aftershocks (Table 3) were taken into account to compare resultant stress changes from the mainshock alone. (Fig.10 ) Due to significantly different magnitudes between mainshocks and aftershocks, the order of Coulomb stress change is significantly different. Comparison of stress change patterns associated with the mainshock, and six aftershocks and the mainshock only, disregarding the regions closest to the hypocenters of the aftershocks, reveals stress change patterns that are in general very similar. This result indicates that the influence of the sub-sequence earthquakes on stress change can be ignored.
For Coulomb stress change calculations, it is necessary to consider the mechanism associated with receiver faults. Due to the complicated tectonic structure of Taiwan, the focal mechanisms of the mainshock and aftershocks often result from different rupture plans. For example, according to the focal mechanism of the mainshock and its aftershock distribution, the rupture of Ruey-Li mainshock resulted from a northeast-southwestern striking plane with eastern dip. The possible faults associated with this earthquake are either the Tachienshan fault or Chukou fault . According to aftershock distributions and their focal mechanisms, however, the aftershocks can be classified into two categories: thrust and strike-slip types (Chen 2003) . The same patterns were also observed for the 1993 Da-Pu and the two 1999 Chia-Yi earthquakes. They all display aftershocks having various focal mechanisms to the mainshock. The differences in aftershock focal mechanisms to the mainshock raise questions about associated mainshock Coulomb stress changes and the aftershocks under investigation. Fortunately, our study shows that by adopting the concept of optimum orientation planes developed by King et al. (1994) , Coulomb stress changes show very positive correlation to the distribution of aftershocks. Although the focal mechanisms of some aftershocks might be different from that of the mainshock, most aftershocks follow the concept of optimum orientation planes. Thus, reasonable correlation to aftershock distribution is yielded with respect to positive Coulomb stress changes without taking the complicated geological settings of Taiwan into account.
For large earthquake such as the 1999 Chi-Chi, Taiwan, earthquake, which had a complicated ruptured fault of nearly 100 km in length complex focal mechanisms associated with aftershocks are yielded. Our study shows that for this large earthquake, it is necessary to take into account possible variations in stress fields for thrust, strike-slip, and normal type focal mechanisms to achieve more precise estimates of aftershocks to stress change. However, our results also show that the stress change calculations for optimum orientation planes can also explain most aftershocks. Large earthquakes like the Chi-Chi earthquake are usually accompanied by many large aftershocks over a long time period. The correlation between Coulomb stress changes and aftershock distribution strongly suggests the possibility of forecasting aftershock distributions from Coulomb stress changes. To make this possible, rapid stress change calculations are required after an earthquake. Coulomb stress change calculations based on homogenous fault models using scaling law show similar stress patterns to those derived from heterogeneous slip fault models using waveform inversion in the case of Taiwan. This implies that changes in Coulomb stress are generally dominated by the orientations of fault plane geometries and slip directions rather than the detailed pattern of slip distribution. However, the scale of stress change due to homogenous fault calculations is usually greater than that from heterogeneous slip distributions. This is because homogeneous fault models bring a broader distribution of slip rather than localized slip on asperities as derived from waveform inversion. In addition moment magnitude determined from a scaling law might have a larger estimate producing broader stress distribution (Table1). These characteristics do not influence strongly the correlation between aftershock distribution and positive stress change. Even though the amount of stress change from these two models is different, we did not discuss the amount of stress change and occurrence of the aftershocks. Such a discussion is still difficult since most studies show there is no direct correlation between the degree of stress change and the amount of aftershocks.
For the 1999 Chi-Chi earthquake, although stress change patterns for the detailed slip distribution, three-segment homogenous fault, and one-segment homogenous fault models, are slightly different from each other, the most prominent features of aftershock distribution can be explained by all three fault models, namely the region near the Chia-Yi earthquake, and the southern linear extension of the aftershock near southern end of the Chelungpu fault. More than 60% of aftershocks are located in areas that correspond to Coulomb stress increases for Table 3 . Source parameters and fault plane parameters of six Chi-Chi aftershocks determined by Chi and Dreger (2003) the three-segment and single-segment homogenous models. This also suggests that it is possible to use a homogenous single-segment fault model to perform rapid stress change calculations for forecasting aftershock distributions. Of course, stress change calculations can be updated according to detailed slip distribution fault models to give more precise estimations of aftershock distributions. Considering the earthquakes being investigated our study indicates that aftershock distributions caused by moderate to large earthquakes can be forecast using Coulomb stress change calculations for optimum oriented planes. In addition, reliable rapid stress change calculations are possible based on homogenous fault models derived from the earthquake scaling law of Ma and Wu (2001) . Thus, once location, magnitude and focal mechanisms of earthquakes become available, the stress change calculation can be carried out to provide information on possible aftershock distributions. Calculation can be further updated according to detailed slip distributions allowing for more precise information regarding aftershock distributions.
